namely TIN2, rather than on POT1. Alto-
gether, these results converge to a model
where TPP1 in vivo, similarly to the in vitro
findings, binds to telomeres and connects
them to telomerase, and this activity may
evolve different shelterin subcomplex re-
arrangements.

Other proteins binding to the single-
stranded region of telomeres also may
be involved in modulation of telomerase
activity. For instance, an additional OB-
fold-containing protein, related to an
RPA large subunit, was found to be asso-
ciated with a highly processive form of
telomerase in the ciliate Tetrahymena
thermophila (Min and Collins, 2009). Simi-
larly, a novel protein factor, CTC1, was
described recently at telomeres (Miyake
et al., 2009; Surovtseva et al., 2009).
This single-stranded binding protein
found in plants and humans shares
sequence similarities with Cdc13 and
possesses functions in telomere protec-
tion. However, it remains to be examined

whether it is also involved in telomerase-
dependent telomere length homeostasis.
The question to answer now is how
TPP1 coordinates both end protection
and telomerase recruitment, and how
this duality is eventually regulated as
a function of telomere length in normal
somatic cells. Likewise, how is this
balance eventually altered in cancer
cells? Indeed, if TPP1-POT1 is required
for protection, are all telomeres bound to
it? Do TPP1-containing complexes invari-
ably serve both roles at all bound telo-
meres? Future experiments in the field
will certainly shed new lights on this
aspect of the increasingly complex and
dynamic world of chromosome ends.
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A Deathly DNase Activity for Dicer
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Recently reporting in Science, Nakagawa et al. describe an unexpected role for Dicer in chromosome frag-
mentation during apoptosis in C. elegans. They find that cleavage of DCR-1 by the caspase CED-3 redirects
its regulatory activity, by destroying its dsRNase activity while activating an intrinsic DNase activity.

RNase Il enzymes are a widely distrib-
uted family of double stranded RNA
(dsRNA)-specific ribonucleases. Since
the discovery of E. coli RNase lll in the
1960s, the functions of this protein family
in ribosomal RNA biogenesis and mRNA
decay or regulation have been well
studied in bacteria and yeast (MacRae
and Doudna, 2007). Importance of their
homologs in higher eukaryotes was
recognized only in the last decade. In
particular, Dicer-family RNase lll enzymes
are central to the biogenesis of Argo-
naute-associated small regulatory RNAs,
including microRNAs (miRNAs) and small
interfering RNAs (siRNAs). Because

miRNAs play important roles in diverse
biological settings, Dicer genes are
essential for many aspects of develop-
ment and physiology. The cell death
pathway has critical connections with
the miRNA pathway, since many indi-
vidual miRNAs have proapoptotic or anti-
apoptotic activities. Deregulation of such
miRNAs may contribute to various human
cancers (Garzon et al., 2009).

Apoptosis is accompanied by DNA frag-
mentation, which can be visualized by
TUNEL (terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling)
staining. In mammals, the endonuclease
DFF40 (also known as CAD) initiates DNA

692 Developmental Cell 78, May 18, 2010 ©2010 Elsevier Inc.

fragmentation (Widlak and Garrard,
2005). The DNase activity of DFF40 is nor-
mally inhibited by DFF45 (also known as
ICAD), but when the cysteine protease
caspase-3 is activated, it cleaves DFF45
to release active DFF40. Despite strong
conservation of the cell death pathway in
C. elegans, including the functional cas-
pase-3 ortholog CED-3 (Miura et al.,
1993; Yuan et al., 1993), its genome does
not appear to encode homologs of DFF40
and DFF45. Nevertheless, as apoptotic
cells in C. elegans exhibit DNA fragmenta-
tion (Parrish and Xue, 2006), some
nuclease activity is apparently responsible
for initiating this process in nematodes.
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Figure 1. Roles for C. elegans Dicer in Apoptotic DNA Degradation and Small RNA Pathways
Dicer (DCR-1) is a multidomain protein with helicase, PAZ, RNase lll, and dsRNA binding domains. In
normal cells, DCR-1 cleaves dsRNAs or pre-miRNA hairpins to produce small regulatory RNAs that guide
Argonaute proteins during post-transcriptional gene regulation (right). Nakagawa and colleagues (2010)
showed that in apoptotic cells, activated CED-3 caspase cleaves a specific position of the first RNase
Ill domain of DCR-1 to produce a short isoform named tDCR-1. tDCR-1 can no longer cleave dsRNAs
but instead nicks DNA to initiate chromosomal fragmentation (left).

In a recent issue of Science, the Xue lab
aimed to identify the putative nuclease,
and in so doing revealed an unexpected
connection between Dicer and DNA
degradation during cell death (Nakagawa
et al., 2010; Figure 1). The authors took
advantage of sensitized genetic back-
grounds that accumulate TUNEL-stained
nuclei, such as mutants of the CPS-6
nuclease, and screened for nucleases
whose knockdown could reduce TUNEL
staining. This approach recovered DCR-
1—the C. elegans Dicer ortholog—as
a candidate. This was perhaps surprising
as the loss of Dicer in other animal
systems often leads to ectopic cell death.
They validated that genuine dcr-1 deletion
alleles suppressed the accumulation of
TUNEL-positive cells in several sensitized
backgrounds, and found that dcr-1
mutants exhibited reduced numbers of
cell corpses at embryonic stages.

Given that DCR-1 is a central player in
small RNA pathways (Figure 1), the
authors examined mutants of other
miRNA/siRNA  pathway components.
However, none of these mutants ex-
hibited similar defects, suggesting that

the involvement of DCR-1 in DNA frag-
mentation lies outside of its normal
requirement in small RNA biogenesis.
Since epistasis experiments suggested
that DCR-1 functions downstream of acti-
vated CED-3, the authors tested if DCR-1
is a direct target of CED-3 proteolysis. In
fact, in vitro tests showed that CED-3
cleaved DCR-1 at a specific position to
yield a short isoform termed tDCR-1,
which lacks the helicase and PAZ
domains, and part of the first RNase |llI
domain (Figure 1). tDCR-1 was no longer
capable of dicing dsRNA but instead
gained the capacity to nick plasmid
DNA in vitro. It appears that the catalytic
residues in the second RNase Ill domain
of DCR-1 are used for both dsRNA and
DNA cleavage, since point mutation of
catalytic residues strongly affected both
activities.

Endogenous cleaved tDCR-1 was not
detected directly, and perhaps the level
of such a nuclease might be expected to
be kept in limiting amounts. Instead, the
authors used genetic rescue assays to
assess the importance of different DCR-
1 domains in DNA cleavage and small

RNA function, using miRNA-directed
vulval development as a readout of the
latter. As expected, DCR-1 catalytic resi-
dues were required to rescue both vulval
development and DNA fragmentation
phenotypes of dcr-1 mutants. However,
these rescues could be separated, since
a CED-3-resistant dcr-1 transgene
rescued only vulval development. On the
other hand, a truncated DCR-1 protein
mimicking tDCR-1 rescued the appear-
ance of embryonic cell corpses but could
not support normal development. Finally,
overexpression of tDCR-1 induced
ectopic TUNEL signals even in ced-3
mutants, suggesting that truncated
DCR-1 bypasses CED-3 to nick chromo-
somal DNA. Still, the authors noted that
overexpression of tDCR-1 in the ced-3
background was not sufficient to induce
ectopic cell death, perhaps due to the
action of other CED-3 substrates during
apoptosis induction.

Cleavage of DCR-1 by CED-3 should
attenuate small RNA processing in
apoptotic cells. Although it is not known
if mammalian caspases can cleave Dicer,
this process might be conserved if it is
beneficial to couple reduced miRNA or
siRNA production to the initiation of
apoptosis. While this possibility deserves
study, it will be important to distinguish
any putative alternate Dicer pathway
from the myriad characterized roles of
animal miRNAs in regulating cell death. It
is also worth noting that other functions
of RNase Ill enzyme beyond small RNA
production have been reported. It was
proposed that the helicase domain of
Drosophila Dicer-2 serves as a sensor
for RNA viruses, independent of small
RNA biogenesis (Deddouche et al.,
2008). This notion is supported by the
close similarity of the Dicer-2 helicase
domain to those found in mammalian
virus sensors, the RIG-I-like receptors.
The DNase activity of DCR-1 might not
be unique since the yeast RNase Il
enzyme Rnt1 can also cleave the DNA
strand of DNA-RNA hybrids in vitro
(Lamontagne et al., 2004). Curiously,
a bacterial homolog of Argonaute
proteins, the effector proteins in small
regulatory RNA pathways, can cleave
DNA targets as well as RNA targets using
guide DNA molecules (Wang et al., 2009).
It remains to be seen whether eukaryotic
Argonautes can cleave DNA strands
guided by small RNA/DNA molecules or
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whether other RNases or RNA binding
proteins might have additional roles in
DNA-mediated biological processes. The
work of Nakagawa and colleagues
(2010) is sure to stimulate searches for
non-canonical activities of these and
other small RNA factors.

REFERENCES

Deddouche, S., Matt, N., Budd, A., Mueller, S.,
Kemp, C., Galiana-Arnoux, D., Dostert, C., Anto-

niewski, C., Hoffmann, J.A., and Imler, J.L.
(2008). Nat. Immunol. 9, 1425-1432.

Garzon, R., Calin, G.A., and Croce, C.M. (2009).
Annu. Rev. Med. 60, 167-179.

Lamontagne, B., Hannoush, R.N., Damha, M.J.,
and Abou Elela, S. (2004). J. Mol. Biol. 338,
401-418.

MacRae, I.J., and Doudna, J.A. (2007). Curr. Opin.
Struct. Biol. 17, 138-145.

Miura, M., Zhu, H., Rotello, R., Hartwieg, E.A., and
Yuan, J. (1993). Cell 75, 653-660.

Developmental Cell

Nakagawa, A., Shi, Y., Kage-Nakadai, E., Mitani,
S., and Xue, D. (2010). Science 328, 327-334.

Parrish, J.Z., and Xue, D. (2006). Chromosoma
115, 89-97.

Wang, Y., Juranek, S., Li, H., Sheng, G., Wardle,
G.S., Tuschl, T., and Patel, D.J. (2009). Nature
461, 754-761.

Widlak, P., and Garrard, W.T. (2005). J. Cell. Bio-
chem. 94, 1078-1087.

Yuan, J., Shaham, S., Ledoux, S., Ellis, H.M., and
Horvitz, H.R. (1993). Cell 75, 641-652.
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Autophagic adapters including p62/SQSTM1 recognize polyubiquitinated targets such as toxic protein
aggregates. In a recent issue of Molecular Cell, Filimonenko et al. provide evidence that the phosphatidylino-
sitol 3-phosphate (PI3P) binding protein, Alfy, interacts with p62, Atg5, and PI3P to coordinate target recog-
nition with site-specific activation of autophagic components.

Autophagy represents a collection of inter-
related cytoplasmic quality and quantity
control systems that maintain cellular
viability, primarily through sequestration
and degradation of a wide range of cyto-
plasmic components that need to be
removed to ensure proper cellular function
and survival. Physically, sensu stricto au-
tophagy (referred to as macroautophagy)
entails the capture of cytoplasmic targets
into double membrane organelles (auto-
phagosomes) that mature into degradative
organelles called autolysosomes. The
regulation and execution of autophagy is
relatively well understood, primarily owing
to the discovery of Atg factors in yeast and
their counterparts in mammalian cells. The
Atg factors run the core autophagic
machinery in all eukaryotic cells from yeast
to man. The hallmark of the transformation
of a membrane into an autophagosome
that elongates and wraps around its target
is the presence of one of the Atg factors,
Atg8, also known in mammalian cells as
LC3 (more precisely as several members

of the LC3/GABARAP family). The associ-
ation of LC3 with a membrane is the
consequence of Atg8 lipidation, at its C
terminus, with phosphatidylethanolamine
(PE) (Figure 1); LC3-PE eventually deco-
rates the nascent autophagosome. How
do cells know what targets in the cyto-
plasm to capture with LC3-PE positive au-
tophagosomes to commit to autophagic
degradation? The answer to this question
has somewhat lagged behind the unravel-
ing of the core Atg machinery. One of the
first proteins recognized as an adaptor
for delivering cargo marked by polyubiqui-
tination to the autophagic organelles is
p62/SQSTM1 (Figure 1; Bjorkoy et al.,
2005). p62 bridges the cargo and autopha-
gic machinery by binding to LC3 viaits LIR
(LC3-interacting region) motif (Figure 1)
and binding to polyubiquitinated tags on
cargo via its UBA domain. The targets for
p62-dependent autophagy range in nature
and size, and include protein aggregates
(Bjorkoy et al., 2005), mitochondria polyu-
biqutinated by Parkin on VDAC1 (Geisler
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et al, 2010), intracellular microbes
(Deretic, 2010), and ribosomal proteins
that are converted into neoantimicrobial
peptides for the innate immune response
(Ponpuak et al., 2010). Additional adapters
such as NBR1 have been identified (Kirkin
et al., 2009) since the characterization of
p62, but their target and functional speci-
ficity remains to be fully delineated, as
both p62 and NBR1 display similar prin-
cipal features. Filimonenko et al. (2010)
now describe, in a recent issue of Molec-
ular Cell, another type of autophagic
adaptor called Alfy (autophagy linked
FYVE protein). This phosphatidylinositol
3-phosphate (PI3P) binding protein does
not posses, at least not overtly, motifs
seen in p62 and NBR1. Alfy interacts with
or affects multiple Atg factors (Figure 1A)
and lipids, including p62, the Atg12-Atg5-
Atg16 complex (which serves as an E3-
like enzyme to position and enhance LC3
lipidation into LC3-PE), and PI3P (via
a lipid-binding domain called FYVE). The
work of Filimonenko et al. (2010) suggests
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